This paper describes an experimental investigation of the shear behavior of beams consisting of steel 
INTRODUCTION
Engineered Cementitious Composites (ECC) is a type of fiber reinforced cementitious material characterized by a multiple cracking and strain hardening response under uni-axial tension ( Figure 1 ).
Usually, this behavior is achieved by reinforcing a cementitious matrix with a moderate volume fraction of short, randomly distributed synthetic fibers on the order of 2% by volume. Depending on the particular composition ECC typically has an ultimate tensile strength between 4 -6 MPa, a first crack strength of 3 -5 MPa, a tensile strain capacity of 2 -5%, a compression strength of 20 -90 MPa, and Young's modulus of 18 -34 GPa [1, 2] . The multiple-cracking behavior of ECC is achieved by micromechanically influencing the interaction between fibers, matrix and their mutual interface. The bridging of cracks and subsequent deformation hardening leads to the formation of multiple cracks with typical crack size ranging from 60 -200 µm prior to localization of deformations [1, 3] . The crack width control provided by ECC is desirable from structural and durability viewpoints as it minimizes ingress of water and contained substances which can lead to depassivation and corrosion initiation of steel reinforcement [4, 5] .
The improved ductility and strength of ECC significantly alters the composite actions of ECC and steel reinforcement compared to traditional reinforced concrete (R/C) [1, 6, 7] . The deformation mechanism of Reinforced ECC (R/ECC) in direct tension differs from R/C. In R/ECC, tensile loads are continually transferred while new cracks form up to a significant tensile pseudo-strain value. In contrast, direct tensile loads in R/C cause a rapid formation and localization of, typically, a single crack. The combination of the ECC and reinforcement materials provides a composite material with compatible deformation characteristics of each constituent. As a result, the damage induced by local slip between reinforcement and matrix is reduced. 
REVIEW OF PREVIOUS STUDIES OF THE SHEAR BEHAVIOR OF FIBER REINFORCED CONCRETE
Particular structural members such as coupling beams, beam ends, short cantilevers, etc. have to resist primarily shear loading. Traditionally in reinforced concrete structures, these members are reinforced with steel shear reinforcement as vertical or inclined discrete stirrups. As shear failure is typically brittle, large safety factors are prescribed for such Reinforced Concrete (R/C) structures. If a more ductile shear failure was possible in R/C structures, lower safety factors could be introduced, reducing the amount of shear reinforcement required for an element. The shear capacity of beams, as predicted by various design codes, vary by a factor of more than 2 [8] . This disparity is due to the lack of a rational, widely accepted theory for calculating the shear strength of R/C beams as well as different load and resistance factors. Another common problem associated with shear resistance is related to reinforcement congestion, which may lead to voids and insufficiently compacted concrete resulting in low compressive strength [9] . Therefore, if the shear strength and ductility of concrete as a material could be altered from a brittle to more ductile failure, the demand of traditional stirrups in these elements could be decreased, or potentially eliminated, as safety factors for shear capacity of structure could be reduced. ECC and other Fiber Reinforced Concretes (FRC) may provide such an increased ductility, and for the past decades, the shear behavior of FRC flexural members has been extensively investigated. The addition of fibers has been found to improve the shear resistance and to enhance the shear crack distribution in Reinforced FRC (R/FRC) structures with and without traditional stirrups [9] [10] [11] [12] [13] [14] [15] [16] .
The influence of fibers on concrete shear strength is typically attributed to two main factors: 1) directly by improved stress transfer across the inclined shear crack; and 2) indirectly by controlling crack widths and distribution, allowing increased aggregate interlock and dowel action of longitudinal reinforcement [10, 16] .
Recently, work has been initiated to include FRC in standard reinforced concrete codes. However, there is currently no broadly used international consensus on addressing these improvements in design codes. For example, the use of deformed steel fibers in place of minimum shear reinforcement was investigated by ACI Subcommittee 318-F, "New Materials, Products, and Ideas" [16] . The study focused on structural beams, where the nominal shear strength attributed to the concrete was not exceeded and therefore minimum transverse reinforcement was required. Based on data from an extensive literature review, the use of deformed steel fibers as an alternative to minimum transverse shear reinforcement was proposed [16] and included initially in ACI 318-08 [17] and has continued in the latest versions of ACI 318 [18] . To ensure adequate material properties of the fiber reinforced concrete, several statements were included in ACI 318-08, including: a) the minimum content of deformed steel fibers should be greater than or equal to 0.75% by volume; the residual strength obtained from flexural tests in accordance with ASTM C1609 should be b) greater than or equal to 90% of the measured first-peak strength at mid-span deflection of 1/300 of the span length; c) greater than or equal to 75% of the measured first-peak strength at mid-span deflection of 1/150 of the span length. By point "b" and "c" ACI-318 suggests using flexural tests to indirectly evaluate the shear behavior of Steel Fiber Reinforced Concrete (SFRC). However, this approach has been questioned. Dinh et. al. [19, 20] favor an approach where the residual flexural strength of FRC in beam specimens is assessed at mid span deflections as a function of fiber length and assumes that a single crack forms in FRC beam under four point bending. For materials such as ECC or other FRC with multiple cracking under flexural load this approach is overly conservative.
The Russian design code SP 52-104-2009 [21] provides an alternative where the tensile and compressive strength of FRC are a function of the amount and properties of the fibers and the strength class of the concrete matrix. In this approach an analytical model predicts the shear capacity of beams using empirical formulas. The shear strength of an R/FRC beam is provided by the concrete contribution in the compressive zone and a sum of contributions from stirrups and fibers in the tensile zone. The code allows the use of SFRC without traditional shear reinforcement for beams with a height less 150 mm; however, minimum traditional shear reinforcement is needed for beams with a height more than 150 mm even if SFRC can resist all shear stresses. This approach applies only to particular types of steel fibers.
Similar to ACI 318, the Model code [22] and RILEM TC 162-TDF recommendations [23] specify the use of the residual flexural strength at specific crack openings from flexural beam tests to predict the shear capacity of FRC. The approach proposed by Model code firstly was presented by Minelli in his PhD thesis [24, 25] . A further design model also is presented in Model Code in commentary proposed by Foster et al. [26] , which is based on Variable Engagement Model (VEM). VEM predicts the behavior of FRC materials through the summation of the two following components: 1) the sum of the behavior of individual fibers (tensile strength) over the cracking plane and 2) the behavior of the concrete matrix.
Japan Society of Civil Engineering (JSCE) provides recommendations for design and construction of high performance fiber reinforced cementitious composites [27] with material properties including multiple fine crack (<0.2 mm) formation and pseudo-strain hardening response (ultimate tensile strain >0.5 %) under uni-axial tensile loading. The results are highly dependent on tensile strength of the FRC, however, a test method to measure the tensile strength is not provided. Researchers have used factored values of the ultimate strength [13, 28, 29] or first cracking strength in direct tension [30] , or the flexural strength of FRC [31] . A more precise measure of the tensile strength of FRC should be formulated.
Numerous other approaches have been suggested to predict shear capacity [9, 11, 12, 15, 19, 29, [32] [33] [34] [35] , however, the precision of the results are highly dependent on a specific geometry of the specimen, the fiber type and composite properties of FRC. Although each proposed method predicted the shear strength of a specific beam precisely, the estimate of beams with different geometry, material composition or fiber type are underestimated or overestimated by two to three times [19, 33] .
RESEARCH SIGNIFICANCE
The motivation behind the work presented in this paper is to investigate the shear carrying capacity and deformation behavior of structural ECC members with synthetic fibers both in combination with transverse (stirrups) reinforcement and exclusively to provide shear resistance. Compression-shear behavior, which is typical of deep beams having low span to depth (a/d) ratio, is investigated here. The main focus of the study is to investigate the shear crack formation and development mechanisms and how they affect the shear capacity. High resolution Digital Image Correlation (DIC) measurements presented in this paper provide valuable insight in the shear crack formation and failure mechanisms, allowing the development of a phenomenological model of the shear failure processes in reinforced concrete and reinforced ECC. Further, as the current design practices for determination of the shear capacity of FRC beams are based on a small number of experiments, this study contributes to the currently available experimental observations of the shear behavior of FRC.
EXPERIMENTAL PROGRAM
For this study, experimental tests were conducted to examine the shear behavior of ECC beams in terms of the shear capacity and cracking behavior. For comparison, typical concrete specimens with and without transverse reinforcement were also investigated.
Materials
The experimental program consists of Reinforced ECC (R/ECC) beams with 8 mm long, randomly distributed Polyvinyl Alcohol (PVA) fibers and Reinforced Concrete (R/C) beams. For all R/ECC beams, the same mortar composition was used, consisting of fly ash, cement, water, sand, quartz powder and 2% by volume of PVA fibers .The properties of fibers are listed in Table 1 . The composition of ECC and concrete beams were different and is presented in Table 2 . The concrete mixture used for the reference beams was made with standard components using cement, water and graded aggregates with a maximum size of 16 mm. The concrete was intended to have the similar compressive strength as the ECC used in the companion beam specimens. 
Test configuration

Compression
Compression tests were conducted on ECC and concrete using cylinders with a diameter of 100 mm and height of 200 mm. The specimens were loaded to failure in compression with a loading rate of 6.28 kN/s.
Tension
The tensile stress-strain response of ECC was determined using 'dogbone' specimens with a 
Shear
In previous studies, various test setups have been used to determine the behavior of concrete materials in shear. The most frequently used test set-ups are: three and four point bending tests, shear panel tests [36] , various modifications of notched specimen tests [9, 37] and modifications of the Ohno shear test [13, 38] . In this study, the load configuration was designed similarly to the Ohno shear beam test to investigate the shear behavior in a realistic situation, while reducing the influence of the moment on inclined crack formation.
The test set-up for the shear beam tests is shown in Figure 3 and Figure 4 . The load was applied through a secondary load beam and rollers with a diameter 60 mm. The beams were loaded in a displacement controlled procedure with a loading rate of 0.02 mm/s cross-head displacement. The beams were 1100 mm long, 250 mm high and with a width of 125 mm. The shear span that was investigated was situated in the middle part of the beam with a length of 300 mm resulting in a ratio a/d=212/300=1.4. To eliminate the influence of changing shear crack angle, the geometry of the beams and the test setup was chosen to force shear cracks to form at a 40°-45° angle. Table 3 and Figure 4 . Additionally, specimens without transverse reinforcement were tested for both R/C and R/ECC. The side spans of the beam were reinforced with ∅6 mm transverse reinforcement at 80mm spacing to ensure failure would not occur in these regions. Yield strength, fy, of the longitudinal and transverse reinforcement was 550 MPa. 
Deformation measurements
A commercial Digital Image Correlation (DIC) system (Aramis, GOM) was used to capture deformations of the front surface of the specimens in the region of interest ( Figure 4 ). The system consists of two black and white 4 mega pixel Charged Couple Device (CCD) cameras and a data acquisition system which captures and processes the images. The two CCD cameras were positioned at the same height and were focused on the same surface, but from different angles, allowing 3D deformation measurements. The images were recorded once per second. In order to facilitate the DIC measurements, adequate contrast in the greyscale of individual objects is required. This was achieved by using black and white spray paint to apply a stochastic speckle pattern. A calibration was preformed prior to testing, using a calibration plate provided by the manufacturer of the DIC system.
The photogrammetry system tracks movements of small areas (called facets) of the specimen surface corresponding to 15 by 15 pixel square areas. The system also collects input of loading data from the testing machines such that specific images are easily associated with a recorded load. Additional details on the DIC technique and equipment are available in the literature [39, 40] . Deformations of selected beams were verified by an arrangement of LVDT's positioned on the back of the specimens.
Results and discussion
Basic properties
The typical tensile stress-strain response of ECC is shown in Figure 1 . The average first cracking strength in tension for the ECC used in this study was 4.0 MPa and the average ultimate tensile strength was 4.5 MPa. The splitting tensile strength, according to EN 12390-6, was 4.1 MPa for the conventional concrete. The average compressive strength of the ECC and conventional concrete was 53.6 and 51.0 MPa, respectively and the average elastic modulus in compression was 16.0 GPa for ECC and 31.6 GPa for concrete. Figure 5 and Table 4 provide experimental values on the shear behavior of R/C and R/ECC beams.
Shear capacity
Shear stress-strain relationship
The experimentally determined ultimate shear load , ultimate shear stress τu, and the crack angle ϕ are shown in Table 4 . Experimental results are averaged from two identical beam specimens. The equation for calculated shear stress (MPa) was:
where is the ultimate shear force (kN), b is the width of the beam (mm) and d is the effective depth (mm). As shown in Table 4 , R/ECC provides modest improvements in the shear capacity over R/C beams (maximum 34% increase) with equivalent amounts of shear reinforcement. For a stirrup spacing of d, the shear capacity is 35% higher than in R/C, however, for other stirrup spacing ECC improves the capacity by 20% on average. As previously noted, similar compressive and tensile strengths were observed in ECC and concrete. However, the elastic modulus of concrete (31.4 GPa) measured from compressive cylinders was almost 2 times bigger than that of ECC (16.0 GPa) resulting in similar variation in shear stiffness. As a result of the high difference in stiffness between ECC and concrete, the initial shear deformations under constant load level were smaller for R/C than R/ECC (initial slope in curves in Figure 5 ). However, initiation of a shear cracking in R/C resulted in a rapid increase in shear deformations. Shear crack formation in the R/ECC caused a gradual increase in deformations. The shear deformations at peak load were similar for both the R/ECC and the R/C beams without transverse reinforcement and with transverse reinforcement with d/2 and d/4 spacing ( times the shear loads compared to R/C beams ( Table 4 ).
The shear carrying capacity of the reinforced concrete beams without additional transverse reinforcement was 129 kN (Vc) (Figure 6 ). The additional shear carrying capacity of stirrups (Vw) can be determinate as the difference between ultimate shear force (Vu) in the beams with transverse reinforcement and the contribution from the concrete (Vc).
= −
The additional contribution of transverse reinforcement in shear carrying capacity is presented in Figure 6 . The shear carrying capacity of R/ECC without transverse reinforcement was measured 150 kN.
For FRC, the shear capacity of a member can be considered to be the sum of the contributions from fibers (Vf), the concrete matrix (Vc) and the transverse reinforcement (Vw) [9, 19, 27] . In some cases the contribution of the fibers and the concrete matrix are treated as a combined value [12, 15, 35] . It can be assumed that the contribution from transverse reinforcement is constant for the R/ECC and the R/C beams with the same transverse reinforcement spacing. Thus, the ultimate shear force in the R/ECC beam should be a sum of contribution of shear carrying capacity by ECC (VECC) and the additional contribution of transverse reinforcement (Vw). However, Figure 6 illustrates that there is an additional contribution in ultimate shear load by R/ECC between 15 kN and 24 kN. This additional contribution may be due to improved composite action of R/ECC. Figure 6 . Contribution of concrete/ECC, transverse reinforcement and composite action on shear capacity
Shear crack deformations
Previous investigations on the shear behavior of R/ECC beams have not reported details on the crack formation process, which can be described as a combined crack opening and sliding. As shown in Figure 7 , the total crack deformation, u, consists of crack opening, or perpendicular separation between crack surfaces, and crack sliding, or parallel translation of crack surfaces. Using DIC, deformations are measured by selecting two virtual markers on the images of the specimen with marker on each side of the crack (Figure 7) . Subsequently, the relative displacements between the two markers were obtained using standard DIC techniques. Initially the line between these two markers is set to be perpendicular to the predicted crack surface as illustrated in Figure 7 . The crack opening and sliding values (for R/ECC values taken as the average value of at least six visible cracks) at 4.5 MPa and peak load are shown in Table 5 . Additional measurements are presented in Figure 8 , as discussed in a later section.
The comparison of measured crack deformations (opening and sliding) at a shear stress of 4.5 MPa and peak show that individual crack widths measured in R/ECC are significantly smaller than those in R/C under similar applied shear stresses, regardless of transverse reinforcement configuration.
Shear reinforcement in R/C increases the shear resistance directly through the tensile capacity of stirrups and indirectly by improved aggregate interlock as shear reinforcement controls crack widths.
For the same shear stress level, an addition of 0.9% of traditional shear reinforcement (no stirrups vs stirrups with spacing s=¼d) reduced crack sizes by 20% to 25% (see Table 5 ). In R/ECC, the use of transverse reinforcement reduced the crack sizes by approximately 50% at a stirrup spacing of s=¼d.
The total number of shear cracks detected by the DIC system and the combined sliding and opening (i.e., measured across all cracks) in the R/C and the R/ECC beams are presented in Table 5 .
Experimental results indicate that ECC's contribution to the shear capacity is similar to that of steel however, for R/ECC the crack deformations (opening and sliding) at failure were 20% to 25% of the crack size in R/C (Table 5 ). This indicates the potential benefits of R/ECC in structures exposed to moisture and other aggressive substances.
The sum of all crack openings at the ultimate loads increase by adding more transverse Figure 8 and Figure 9 show the calculated strain spectrum from DIC measurements overlaid on an image of the specimen surface. The DIC system provides a useful illustration of the cracking behavior 
Formation of shear cracks
Shear crack development
The investigation of shear crack formation and propagation is important to improve the current understanding of the shear behavior of structures. The intention is to develop more precise predictions of the shear capacity and to increase understanding of shear cracking behavior, which may lead to the development and design of materials with increased shear resistance and deformation capacity. 
Phenomenological model of shear crack development
To explain the mechanisms controlling shear cracking and failure in both R/C and R/ECC, a phenomenological model has been developed and is illustrated in Figure 13 based on the results shown in Figure 12 . In R/C before cracking, stirrup and concrete strains are equal. As concrete cracks at small strains, significant loading of shear reinforcement only occurs after inclined shear cracks form in the concrete. Thus, stirrup spacing does not influence the initial cracking strength. Figure 13 Furthermore, during stages 2 and 3 for R/ECC, additional shear cracks may form due to the multiple cracking feature of ECC, temporarily reducing the crack opening rate of the existing shear cracks.
The dowel effect by longitudinal reinforcement takes place in the shear stress transfer zone over the crack throughout all stages, but the influence of this mechanism is not included in the schematic description in Figure 13 .
Conclusions and remarks
The benefits of R/ECC, regards to resisting shear, include improved shear resistance and cracking control. Similar to uni-axial tension, multiple cracking of ECC occurs in shear. The first cracking strength was slightly higher for the R/C used in this study; however, the initial crack opening of the R/C was 10 times larger than that in the R/ECC.
Crack deformations for the R/ECC were between 3 and 5 times smaller than for R/C at similar load levels. The addition of stirrups in R/C controls cracks widths as more stirrups resulted in reduced initial crack opening and total crack deformations (opening and sliding). Initial crack opening was independent of stirrup spacing in the R/ECC beams. The contributions of ECC on shear behavior of R/ECC include:
• Fiber bridging of shear crack, thus increasing the shear capacity;
• Traditional shear reinforcement is activated at smaller individual crack deformations;
• Crack deformations are limited by fiber bridging mechanism and by activating traditional shear reinforcement at smaller crack deformations.
Based on the shear stress-strain responses and DIC measurements of the specimen deformations, a phenomenological descriptions of the shear crack opening, crack sliding and subsequent failure of R/C and R/ECC are proposed. For the R/C the shear loads over the shear crack can be transferred only by stirrups, aggregate interlock and fiber dowel effect of longitudinal reinforcement. The crack development mechanism for R/ECC is more complex due to the fiber bridging mechanisms, which induces multiple cracking resulting in smaller crack openings at a given shear stress as well as higher peak shear stress.
The experimental program demonstrated that the use of R/ECC provides improved shear resistance, better control of crack sizes, and a more ductile shear failure than R/C. However, shear stress transfer over the crack via aggregate interlock is significantly reduced in ECC type materials due to the small particle size in the matrix. Additional increases in shear failure ductility of ECC would be possible by using fibers that can resist higher shear deformations and engineering the composite to fail by fiber pullout rather than rupture Tables   Table 1. Properties of PVA fibers   Table 2 . Mixture proportions Table 3 . Reinforcement detailing in the test specimens Table 4 . Test results from shear beam tests Table 5 . Values of crack opening and sliding 
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